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In this work, a theoretical study on electron-CF collisions in the low- and intermediate-energy range is
reported. More specifically, calculated elastic differential, integral, and momentum-transfer cross sections as
well as grand total~elastic and inelastic! and absorption cross sections are presented in the~1–500!-eV energy
range. A complex optical potential is used to represent the electron-molecule interaction dynamics, while the
Schwinger variational iterative method combined with the distorted-wave approximation is used to solve the
scattering equations. Comparison of the present results with existing experimental and theoretical data for
electron collisions with NO~an isoelectronic molecule of CF! is made.


























































Electron-molecule collisions play important role in
number of scientific and technological applications such
lasers, gas discharges, plasmas@1#, and magnetohydrody
namics power generation@2#. In particular, the interest on
electron interaction with highly reactive radicals such
CHx , CFx ~x5 1,2,3!, etc., has grown recently, in view o
their importance in developing plasma devices. It is w
known that plasma environment is composed of many s
cies such as electrons, molecules~in their ground and excited
states!, neutral radicals, ionic fragments, etc. The knowled
of cross sections for electron interaction with these const
ents is important in determining the plasma properties
therefore is useful for plasma modelings. In this sense, c
sections fore2-CF collisions are particularly relevant, sinc
CF is an important byproduct formed during the process
plasma etching of semiconductors, in which carbon fluor
compounds with general formulas CnF2n12 are frequently
used as reactive gases. Unfortunately, the experimenta
termination of cross sections fore2-CF collisions is difficult.
Only recently, electron-impact ionization cross sections
this highly reactive radical were reported in the literature@3#.
To our knowledge, there are no other cross-section meas
ments for electron scattering by this radical. Therefore
theoretical calculation of such cross sections would cont
ute to fill this lack of information. Recently,e2-radical col-
lisions have been a subject of increasing interest of theo
ical investigations. Joshipura and co-workers@4,5# have
reported grand total cross sections~TCS’s! for electron scat-
tering by several CHx , NHx , and OH radicals in the
intermediate- and high-energy range. More recently, Ba
and co-workers reported aR-matrix calculation of elastic and
excitation cross sections for low-energy electron collisio
with ClO @6# and CH @7#. Nevertheless, to date, the on
theoretical study fore2-CF scattering was performed b
Kim and Irikura@8#. In their work, electron-impact total ion
ization cross sections~TICS’s! of CF were calculated using
the binary-encounter Bethe~BEB! model for incident ener-


















~15–200!-eV range lie significantly above the experimen
results of Deutschet al. @3#.
In this work, we present a theoretical study on electr
cattering by the CF radical in the low- and intermedia
energy range. Specifically, calculated elastic differential,
tegral, and momentum-transfer cross sections~DCS’s, ICS’s,
and MTCS’s! as well as TCS’s and total absorption cro
sections~TACS’s! are presented for electron-impact energ
ranging from 1 to 500 eV. In our study, a complex optic
potential was used to describe the dynamics ofe2-CF inter-
action, while a combination of the Schwinger variational
erative method~SVIM! @9,10# and the distorted-wave ap
proximation~DWA! @11–13# is used to solve the scatterin
equations. This procedure has already been successfully
plied to treat electron scattering by a number of molecu
@14–18# and thus we expect that it can also be useful
e2-radical collisions. Although the present study is unable
provide directly TICS’s, our calculated TACS’s provide a
estimate of the contributions of all inelastic collisions inclu
ing both excitation and ionization processes. Joshipuraet al.
@5# have observed that for a set of molecules the ionizat
dominates the inelastic processes, the values of the TIC
being about 80% of the TACS’s at energies around 100
and about 100% for energies above 300 eV. Particularly
the e2-CF collision, some light could be shed through t
comparison with the corresponding process for CF4. For the
latter, Christophorou and Olthoff@19# have observed that th
values of the TICS’s also correspond to about 80% of
TACS’s for incident energies above 50 eV. Therefore,
present calculated TACS’s provide an upper limit of t
TICS’s for this radical and their comparison with experime
tal and calculated TICS’s is expected to be meaningful.
the other hand, due to the lack of experimental results
other types of cross sections fore2-CF collisions, we com-
pare our calculated results with the experimental@20,21# and
calculated data@22# for electron scattering by NO, which i
isoelectronic of CF.
The organization of this paper is as follows: In Sec. II, w
describe briefly the theory used and also give some detai
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available in the literature. A brief conclusion remark is al
presented in this section.
II. THEORY AND CALCULATION
Since the details of the SVIM and the DWA have alrea
been presented in previous works@9–13#, only a brief outline
of the theory will be given here. The wave functionsCkW
6(rW)








wherekW is the linear momentum of the scattering electro
FkW(rW) is a plane-wave function,G0 is an unperturbed
Green’s operator, andUint52Vint is the reduced electron
target interaction potential. In Eq.~1!, the superscripts (1)
and (2) denote the outgoing-wave and incoming-wa
boundary conditions, respectively.
In the present study, the electron-molecule scattering
namics is represented by a complex optical potential, gi
by
Vint~rW !5V
SEP~rW !1 iVab~rW !, ~2!
where VSEP is the real part of the interaction potenti
formed by static (Vst), exchange (Vex), and correlation-
polarization (Vcp) contributions, whereasVab is an absorp-
tion potential. Vst and Vex are obtained exactly from a
Hartree-Fock self-consistent-field~SCF! target wave func-
tion. A parameter-free model potential introduced by Pad
and Norcross@23# is used to account for the correlation
polarization contributions. In this model, a short-range c
relation potential between the scattering and the target e
trons is defined in an inner region and a long-ran
polarization potential in an outer region. The first crossing
the correlation and polarization potential curves defines
inner and the outer regions. The correlation potential is c
culated by a free-electron-gas model, derived from the ta
electronic density according to Eq.~9! of Padial and Nor-
cross@23#. In addition, the asymptotic form of the polariza
tion potential is used for the long-range electron-target in
action. Calculated dipole polarizabilities using a single a
double configuration interaction target wave function,a0
510.01 a.u. anda252.55 a.u., were used to generate t
asymptoticVcp . No cutoff or other adjusted parameters a
needed for the calculation ofVcp .
































In Eqs.~3!–~7!, k2 is the energy~in Rydbergs! of the incident
electron,kF the Fermi momentum, andr(rW) the local elec-
tronic density of the target.H(x) is a Heaviside function
defined byH(x)51 for x>0 and H(x)50 for x,0. Ac-





212~ I 2D!2VSEP, ~9!
whereD is the average excitation energy andI is the ioniza-
tion potential.
The Lippmann-Schwinger scattering equation for elas
e2-CF collisions is solved using the SVIM considering on
the real part of the optical potential. In SVIM calculation







~ i ! l
k
Cklm
6 ~rW !Ylm~ k̂!. ~10!
The absorption part of theT matrix is calculated via the
DWA as
Tabs5 i ^C f
2uVabuC i
1&. ~11!
Once both the real and the imaginary parts of theT matrix
are known, the cross sections fore2-CF collisions can be
promptly calculated. Since CF is a polar molecular radica
fixed-nuclei treatment for this problem is known@25# to lead
to divergent DCS’s in the forward direction, due to the slo
falloff of the partial-waveT-matrix elements for largel. Con-
sequently, the calculated ICS’s and TCS’s would also dive
for all incident energies. This divergence can be remov
only with the introduction of the nuclear motion in th
Hamiltonian. In order to overcome these difficulties, w
made use of the adiabatic-nuclei-rotation~ANR! framework
to calculate rotational excitation cross sections. Then, DC
for rotationally unresolved elastice2-CF collisions are cal-
culated by summing the individual rotational excitation cro
sections up to convergence.
Within the ANR, the DCS’s for the excitation from a
initial rotational levelj 0 to a final levelj is given by
ds
dV







u^ jmj u f u j 0mj 0&u
2,
~12!
where j 0 ,mj 0( j ,mj ) are the rotational quantum numbers
the initial ~final! rotational state,f is the laboratory-frame
~LF! electronic part of the scattering amplitude andk0 andkj





























THEORETICAL STUDY ON ELECTRON–FREE-RADICAL . . . PHYSICAL REVIEW A 66, 012720 ~2002!scattered electron, respectively. Using the rigid-rotor
proximation, the wave function for a givenu jmj& is





j are the usual finite rotational matrix elements
The partial-wave expansion of the rotational excitati
scattering amplitude is given by




~21!m1mj 011i l 2 l 8Tll 8mYl 8mj 2mj 0
3(
L
~2L11!21~ l0l 8mj2mj 0u l l 8Lmj
2mj 0!~ l 2ml8mu l l 8L0!
3~ j 2mj j 0mj 0u j j 0Lmj 02mj !
3~ j 0 j 00u j j 0L0!, ~14!
where Tll 8m are the scatteringT-matrix elements,Ylm the
usual spherical harmonics, and (l 1m1l 2m2u l 1l 2l 3m3) are
Clebsch-Gordan coefficients.







~ j← j 0!. ~15!
Since CF is an open-shell radical with the ground-st
configuration X2P, two spin-specific scattering channe
namely, those leading to the singlet and to the triplet c
plings between the scattering electron and the isolatedp
electron of the target, are considered in the present st
Therefore the statistical average of the elastic-scatte









where (ds/dV)1 and (ds/dV)0 are the multiplet-specific
DCS’s averaged over molecular orientations for the to
(e21CF) spinS51 ~triplet! and S50 ~singlet! couplings,
respectively.
In this study, a standard@10s5p/4s3p# basis set of Dun-
ning @26# augmented by oned (a50.8) uncontracted func
tion for the carbon atom and fourp (a50.12, 0.06, 0.03, and
0.015!, and oned (a51.58) uncontracted functions for th
fluorine atom is used for the calculation of the SCF tar
wave function. At the experimental equilibrium geometry
the ground-state CF (R52.400 a.u.), this basis set yielde
the calculated SCF energy of2137.206 048 a.u. and th
dipole moment of 0.0473 a.u. The experimental dipole m
ment for this radical is 0.254 a.u.@27#.
In the present study, we have limited the partial-wave
pansion of the continuum wave functions as well as of











the smallness of the CF permanent dipole moment, th
partial-wave-expansion parameters already provide q
ood convergence. Nevertheless, in order to obtain a be
description for DCS’s at the forward direction, a Bor
closure formula is used to account for the contribution
higher partial-wave components to the scattering amplitud
Accordingly, Eq.~14! is rewritten as




~21!m1mj 011i l 2 l 8~Tll 8m2Tll 8m
Born
!




3~ l0l 8mj2mj 0u l l 8Lmj2mj 0!
3~ l 2ml8mu l l 8L0!~ j 2mj j 0mj 0u j j 0Lmj 0
2mj !~ j 0 j 00u j j 0L0!1^ jmj u f Bornu j 0mj 0&,
~17!
where Tll 8m
Born are the partial-wave expandedT-matrix ele-
FIG. 1. DCS’s for elastice2-CF scattering at~a! 5 eV and~b!
7.5 eV. Full curve, present rotationally summed results; dashed
calculated DCS’s fore2-NO scattering of Fujimoto and Lee@22#;
open squares, experimental data for elastice2-NO scattering of
Mojarrabi et al. @21#; full circles, experimental data for elasti
e2-NO scattering of Kuboet al. @20#.0-3
LEE, IGA, BRESCANSIN, MACHADO, AND MACHADO PHYSICAL REVIEW A66, 012720 ~2002!FIG. 2. Same as Fig. 1 but for~a! 10 eV and~b! 15 eV.
FIG. 3. Same as Fig. 1 but for~a! 20 eV and~b! 30 eV.01272FIG. 4. Same as Fig. 1 but for~a! 50 eV and~b! 80 eV.
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where L5 l 8 when l 85 l 11 and L5 l when l 85 l 21. In
FIG. 6. ~a! ICS’s and~b! MTCS’s for elastic electron scatterin
by CF in the~1–500!-eV range. The symbols are the same as in F
1.
FIG. 7. Partial ICS’s, in atomic units (a0), for elastic electron
scattering by CF in the~1–500!-eV range. Full curve, results for th
ks scattering channel; dashed curve, for thekp channel; short-
dashed curve, for thekd channel.01272-
addition, for j 050, the full LF Born electron-scattering am









1 ~R̂!Y1m~ q̂8!, ~19!
whereqW 85kW082kW f8 is the LF momentum transferred durin
the collision. The calculated HF dipole moment of CF
used in Eqs.~18! and~19!. In summing up the contributions
of individual rotational excitation cross sections, sufficie
terms were included to ensure the convergence to be wi
0.2%. In addition, the TCS’s are calculated by using t
optical theorem and the TACS’s were taken as the differe
between calculated TCS’s and ICS’s.
III. RESULTS AND DISCUSSION
In Figs. 1–5 we present our calculated rotationa
summed DCS’s for elastice2-CF scattering in the~5–
500!-eV energy range. Due to the lack of experimental
other calculated DCS’s for elastic electron scattering by t
radical, we compare our results with some available cal
lated @22# and experimental@20,21# data for e2-NO colli-
sions. Since NO is an isoelectronic molecule of CF, so
.
FIG. 8. ~a! TCS’s and~b! TACS’s for electron scattering by CF
in the ~1–500!-eV range. Full curve, present calculated resu
dashed line, the BEB TICS’s of Kim and Irikura@8#; open squares,


















































LEE, IGA, BRESCANSIN, MACHADO, AND MACHADO PHYSICAL REVIEW A66, 012720 ~2002!similarities on the cross sections of electron scattering
these targets are expected. In fact, a general good agree
between the DCS’s fore2-CF ande2-NO collisions is seen
in the ~20–500!-eV energy range. This similarity has als
been observed for electron scattering by other isoelectr
target pairs such as CO and N2 @28,29#. Nevertheless, a
lower incident energies (E0<15 eV), the calculated DCS’s
for e2-CF collisions are larger than those fore2-NO colli-
sions, particularly for scattering anglesu <60°.
Figures 6~a! and 6~b! show our ICS’s and MTCS’s, re
spectively, calculated in the~1–500!-eV range. The compari
son is again made with the calculated results fore2-NO
collisions @22# for the same reason as before. On qualitat
aspects, the ICS’s and MTCS’s for both targets show a re
nance feature centered at around 15 eV. This feature is du
the occurrence of a shape resonance in theks scattering
channel as can be seen in the partial ICS’s fore2-CF colli-
sions, shown in Fig. 7. The resonance seen in the ICS’
e2-NO collisions probably has the same origin. Quanti
tively, a very good agreement between the ICS’s and
MTCS’s for electron scattering by CF and NO is observ
for incident energies above 20 eV. Nevertheless, at lo
incident energies, again the calculated results for CF lie s
tematically above than those for NO.
It is known that HF calculations are, in general, unable
reproduce accurate dipole moments for molecules with sm
and/or moderate permanent dipole moment, such as CO,
N2O, etc. Despite that, HF molecular wave functions ha
been widely used in electron-molecule scattering calcu
tions. In view of the substantial discrepancy between
calculated HF and the experimental value of the dipole m
ment for the CF radical, some test runs were made using
experimental value ofD in Eqs. ~18! and ~19!, in order to

























forward direction. It was found that the resulting discrepan
i he DCS’s is lower than 5% at a scattering angle of 5° a
an incident energy of 10 eV. This difference becomes mu
smaller for both larger scattering angles and higher energ
As a result, the discrepancies in the corresponding ICS’s
about 3% at 10 eV and less than 1.0% at 100 eV and ab
Figures 8~a! and 8~b! show our calculated TCS’s in th
~1–500!-eV energy range and TACS’s in the~15–500!-eV
energy range, respectively, for thee2-CF collisions. Experi-
mental@3# and calculated@8# TICS’s are also shown in Fig
8~b! for comparison. In general, there is a qualitative agr
ment between the present calculated TACS’s and those
sults available for comparison. Quantitatively, our calcula
TACS’s lie between the experimental TICS’s of Deuts
et al.and the calculated TICS’s of Kim and Irikura. As state
before, our calculated TACS’s are in fact an upper limit
the TICS’s. If we assume that the ionization contribution
about 80% in the energy range covered herein, we can c
clude that our calculations are capable to provide estim
for TICS’s that are in reasonable agreement with the exp
mental values. In view of the simplicity of the model pote
tial used here, this fact is quite encouraging.
Considering the scarceness of both theoretical and exp
mental cross sections for electron scattering by this imp
tant radical, it is hoped that the results reported in the pres
study can be useful for scientific and technologic appli
tions, particularly in plasma modelings.
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